Objective: Macrophage accumulation in adipose tissue (AT) during obesity contributes to inflammation and insulin resistance. Recruitment of monocytes to obese AT has been the most studied mechanism explaining this accumulation. However, recent evidence suggests that recruitment-independent mechanisms may also regulate pro-inflammatory AT macrophage (ATM) numbers. The role of increased ATM survival during obesity has yet to be explored. Results: We demonstrate that activation of apoptotic pathways is significantly reduced in ATMs from diet-induced and genetically obese mice. Concurrently, pro-survival Bcl-2 family member protein levels and localization to the mitochondria is elevated in ATMs from obese mice. This increased pro-survival signaling was associated with elevated activation of the transcription factor, NF-kB, and increased expression of its prosurvival target genes. Finally, an obesogenic milieu increased ATM viability only when NF-kB signaling pathways were functional.
INTRODUCTION
In 2003, two seminal papers demonstrated that macrophages accumulate in adipose tissue (AT) during obesity [1, 2] . AT macrophage (ATM) number positively correlates with adiposity, systemic inflammation, and insulin resistance (IR), suggesting that these immune cells play an essential role in the pathogenesis of obesity. Recent findings also demonstrate a role for other immune cell subsets, including T cells [3e6], B cells [7] , eosinophils [8] , and neutrophils [9] , in the control of AT inflammation. However, in mice, macrophages are the most prevalent immune cell type in AT and are a major source of inflammatory cytokines and chemokines secreted from AT during obesity [1, 2] . This heightened immune response changes the types and amounts of lipids and adipokines released from AT, which can then negatively impact other tissues and promote metabolic disease [10] . In fact, increased AT inflammation is now considered one of the primary drivers of IR associated with obesity (reviewed in [11] ). Thus, the immune system is now at the forefront of metabolic research, and extensive efforts have focused on determining mechanisms by which macrophages accumulate in obese AT.
Obesity increases expression of numerous chemokines and chemokine receptors in AT [12] . Furthermore, labeling studies have shown that obesity results in recruitment of monocytes from the bone marrow into AT [1, 13] . Therefore, to date, the majority of published studies have sought to determine whether reducing the chemoattractant potential of AT can inhibit ATM accumulation during obesity. However, in many instances, obese mice genetically lacking certain chemokines or chemokine receptors exhibit no change in ATM number and no improvement in metabolic abnormalities [14e18] . Additionally, even in studies showing that deficiency or antagonism of chemokines decreases ATM number during obesity, macrophage accumulation during high fat diet (HFD) feeding is never completely abolished [13,19e23] . Furthermore, several models with deficiencies in chemoattractant molecules demonstrate a pronounced decrease in circulating inflammatory monocytes without a corresponding large reduction in ATM number [21, 24] . Together these findings suggest that recruitment-independent mechanisms may also contribute to the accumulation of proinflammatory macrophages in obese AT. Indeed, recently published studies have highlighted that alterations in macrophage proliferation [25, 26] and egress [27] contribute to the increased number of ATMs in obesity. In addition to macrophage recruitment, proliferation, and egress, modification of cell survival/death pathways is another mechanism by which tissue cell number could be modulated. Regulation of cell survival through the proper control of programmed cell death (apoptosis) is essential for homeostatic maintenance of cell number in many tissues (reviewed in [28] ). For example, accelerated apoptosis is observed in neurodegenerative disorders, while impaired apoptosis can contribute to tumorigenesis, autoimmunity, and inflammatory disorders (reviewed in [29] ). Interestingly, it is not known whether macrophage apoptosis/survival is modulated in AT during obesity. The control of cell survival is intricately balanced by the activation of pro-apoptotic and pro-survival signaling pathways. Apoptosis is initiated by either intrinsic or extrinsic pathways, both of which proximally activate the caspase cascade (reviewed in [29] ). To oppose apoptosis, cells can activate pro-survival pathways. Much of the balance between cell death and survival is controlled via transcriptional and posttranscriptional regulation of vital factors that maintain mitochondrial outer membrane integrity [30] . The transcription factor, NF-kB, is a key regulator of pro-survival factors such as the Bcl-2 family and inhibitors of apoptosis proteins (IAPs). These proteins are important in preventing caspase-induced cell death, thus allowing for increased survival in many cell types. NF-kB-induced progression of multiple diseases through promotion of cell survival has been well documented [31, 32] . Of relevance, a previous study has demonstrated increased nuclear translocation of the p65 subunit of NF-kB in ATMs of obese compared to lean mice [33] .
Our findings presented below demonstrate that activation of NF-kB in ATMs during obesity promotes cell survival. Therefore, NF-kBdependent modulation of the balance between cell survival and death may be an additional mechanism e along with recruitment, proliferation, and retention e that promotes macrophage accumulation in AT during obesity.
MATERIALS AND METHODS

Animal usage and phenotyping
All animal procedures were performed with prior approval from the Institutional Animal Care and Usage Committee of Vanderbilt University. Male C57Bl/6 mice were purchased from Jackson Laboratories. At 8-weeks of age, mice were placed on diets containing either 10% (low fat diet, LFD; Research Diets #D12450B) or 60% (high fat diet, HFD; Research Diets #D12492) of kcal from fat. The diets were protein and micronutrient-matched, providing equivalent quantities of vitamins and minerals. Ob/ob mice (stock number 000632) and lean littermate controls were purchased from Jackson Laboratories at 7 weeks of age and maintained on standard chow diet (LabDiet 5001) until 9e10 weeks of age. NF-kB-GFP-Luciferase (NGL) mice ubiquitously express an enhanced GFP (EGFP)/luciferase gene that is controlled by an enhanced promoter containing two NF-kB binding sites [34] . All mice were given free access to food and water. When indicated, total fat and lean mass were quantified by nuclear magnetic resonance using a Bruker Minispec instrument (Woodlands, TX) in the Vanderbilt Mouse Metabolic Phenotyping Center. Mice were fasted for 5 h before tail vein collection of blood for the determination of glucose levels using a LifeScan One Touch Ultra glucometer (Johnson & Johnson, Northridge, CA).
Tissue cell isolations
2.2.1. Isolation of AT stromal vascular fraction (SVF) Mice were euthanized and perfused through the left ventricle with 20 mL of PBS. Epididymal AT was removed and 0.25e0.5 g of tissue was minced in 3 mL PBS with 0.5% FBS. Subsequently, 3 mL of 2 mg/ mL collagenase II (SigmaeAldrich, St. Louis, MO) was added to achieve a final concentration of 1 mg/mL. Tissue was incubated at 37 C for 20e30 min while shaking at 200 RPM. The cell suspension was then filtered through a 100 mM cell strainer. Cells were spun at 500 Â g for 10 min to separate adipocytes from the SVF. The SVF was re-suspended in 3 mL ACK buffer to lyse red blood cells. Cells were washed 2Â with PBS, then lysed for Western blot or real-time RT-PCR analysis, or counted using a Cellometer Auto T4 and plated to select for macrophages based upon their strong adhesive properties (see Section 2.2.3 below).
2.2.2.
Isolation of hepatocyte and F4/80-enriched fractions from the liver Mice were euthanized and perfused as described above. The liver was removed and minced in 3 mL RPMI with 5% FBS. Next, 3 mL of 2 mg/ mL collagenase II was added and tissue was incubated at 37 C for 30 min while shaking at 200 RPM. The cell suspension was filtered through a 100 mM cell strainer and spun at 300 RPM for 3 min. The hepatocyte fraction (pellet) was collected for Western blot analysis, while the supernatant (non-parenchymal fraction) was spun at 1500 RPM for 10 min. Cells were then re-suspended in a 33% normoosmotic Percol solution containing 10 U/mL heparin and spun at 500 Â g for 15 min. Subsequently, cells were washed and incubated with Fc block for 10 min and then stained with anti-mouse F4/80-APC (eBioscience, San Diego, CA) at a concentration of 5 Â 10 6 cells/mL. Cells were incubated with anti-APC magnetic beads for 15 min at 4 C, washed, re-suspended in FACS buffer, and sorted using a Miltenyi AutoMACs magnetic cell sorter. The F4/80-enriched fraction was collected for Western blot analysis.
ATM selection by adherence
Isolated SVF cells (Section 2.2.1) were plated in DMEM with 5% FBS for 2 h in tissue culture dishes with well sizes specific to the subsequent application purpose. The plate was then washed 2Â with PBS, leaving any adherent ATMs attached and eliminating all other cells. Attached cells were verified as macrophages based upon positive immunostaining for F4/80 (86.88% AE 0.77% from LFD mice and 87.74% AE 0.72% from HFD mice, quantified from 10 images/group). ATMs were used for the following assays: 1) fixed for immunofluorescence staining (Figures, 5e7) , 2) Real-time RT-PCR ( Figures 6 & 7) , or 3) metabolic cocktail studies ( Figure 7 ).
2.3.
Western blot analysis SVF cells and the F4/80-enriched fraction isolated from the liver were collected in lysis buffer containing 20 mM Tris-HCL (pH 8.0), 150 nM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% Nonidet P-40, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 0.5 mM PMSF. A modified Lowry protocol was used to quantify protein concentration.
Whole AT, hepatocytes, and spleen were sonicated in 500e700 mL of 2% SDS containing 2.5 mM sodium pyrophosphate and 0.5 mM PMSF. Protein was quantified using a bicinchoninic acid (BCA) assay (Thermo Scientific, Waltham, MA). Subsequently, 10e15 mg of protein was electrophoresed through 4e12% Bis-Tris gels (Invitrogen, Grand Island, NY), transferred to a nitrocellulose membrane, and immunoblotted with the following antibodies: cleaved caspase-3, Bax, Bak, Bcl-2, Bcl-xl and phospho-p65. All antibodies were obtained from Cell Signaling Technology (Boston, MA). Blots were developed using either Western Lightning enhanced chemiluminescence substrate and film (Perkin Elmer, Waltham, MA) followed by band intensity quantification using ImageJ64 software, or were imaged using Odyssey Blocking Buffer and the Li-Cor Odyssey Infrared Imaging System (LiCor, Lincoln, NE) followed by band intensity quantification using Image Studio Lite Version 3.1 software.
2.4. Gene expression by real-time RT-PCR SVF cells were collected in TRIzol reagent (Invitrogen). Total RNA was isolated using a phenol-chloroform extraction, according to the manufacturer's instructions. An iScript cDNA synthesis kit (BioRad, Hercules, CA) was used for reverse transcriptase reactions. Real-time RT-PCR analysis was performed using an iQ5 multicolor real-time PCR detection system (Bio-Rad). Primer-probe sets (Assays-on-Demand) were purchased from Applied Biosystems (Foster City, CA). All genes were analyzed using the Pfaffl method [35] and normalized to Rplp0. The expression of the following genes was assessed: An analysis software module was developed to allow for quantification of the overlap of the fluorescence signal of a specific protein with a defined organelle compartment of interest (nucleus or mitochondria). Analysis parameters were set to identify macrophages (F4/80 þ ) with intact nuclei (DAPI positive, diameter of 2e8 mm) and mitochondria (Cox IV, diameter of 1e3 mm). Co-localization data was collected from 10,000 to 30,000 ATMs per mouse from 6 to 7 mice per group. For statistical purposes, the average co-localization from all the macrophages of an individual mouse was counted as a single biological replicate. To obtain higher quality images for the purpose of visualization and confirmation of these computed changes, the representative images displayed in Figures 5 and 6 were performed using an Olympus FV-1000 Inverted Confocal Microscope at 100Â or 60Â magnification with a 1.5 or 4.5 zoom. All images were taken at the same magnification, voltage, and gain level required for proper imaging in each channel. To perform these studies, ATMs were plated in 8 well chamber slides for 2 h to allow for selection by macrophage adherence. ATMs were then fixed for 1 h with 4% PFA, and stained for DAPI, p65, Bax and Bcl-2 as described. Mitochondria were stained using MitoTracker Deep Red FM (Life Technologies, Grand Island, NY) at 100 nM for 25 min.
Ex vivo studies in isolated ATMs
2.6.1. NF-kB-regulated luciferase reporter assay ATMs were collected from NGL mice by SVF isolation and macrophage selection by adherence, as described above. ATMs were washed once with PBS followed by the addition of 20 mL of luciferase lysis buffer (Promega, Madison, WI). Luciferase substrate was added to the sample and luminescence was immediately read on a Monolight 3010 (BD PharMingen, San Diego, CA).
Metabolic activation of ATMs
ATMs were treated with a metabolic cocktail (MetaC) containing 30 mM glucose, 10 nM insulin and 0.4 mM palmitic acid as previously described [39] . Palmitic acid was dissolved in ethanol and added to DMEM containing 5% FBS, 30 mM glucose and 10 nM insulin. ATMs were treated with the MetaC in the presence or absence of 10 mM BMS-345541 (SigmaeAldrich) to inhibit NF-kB. ATMs in the BMS treatment groups were pretreated with 20 mM BMS-345541 for 1 h prior to time-course studies. ATMs were exposed to MetaC for a timecourse of 0e8 h.
Cell-Titer Blue assay
ATMs were adherence-selected and plated in 96-well plates. Metabolic activation cocktail studies were performed as described in Section 2.6.2. Cell-Titer Blue reagent (Promega) was added at a volume of 20 mL to wells containing 100 mL of media 2 h prior to end of each time-point. Fluorescence was measured at 560 Ex /521 Em using the GloMax Discover System (Promega). Background fluorescence was measured in wells containing media and Cell-Titer Blue only (i.e. without cells) and was subtracted from each experimental measurement.
Statistical analysis
GraphPad Prism 5.0 software was used for all statistical analyses. Data was analyzed using a two-tailed unpaired t-test to determine differences between two groups or a one-way ANOVA when more than two treatment groups were compared. Outliers were excluded from the data for each individual parameter using the Grubbs outlier test [40] . A p value of <0.05 was considered significant.
RESULTS
Diet-induced obesity decreases ATM apoptosis
To determine the impact of obesity on ATM apoptosis and survival, mice were fed 10% LFD or 60% HFD for 9 weeks ( Figure S1A ). As expected, mice fed HFD became obese, gained lean and fat mass, and
were hyperglycemic compared to LFD-fed controls ( Figure S1BeE ). Additionally, expression of Emr1 (the gene for F4/80) in the stromal vascular fraction (SVF) of AT was significantly increased by obesity (p < 0.05, Figure S1F ), confirming that 9 weeks of HFD feeding is sufficient to promote the accumulation of macrophages in AT. Recent studies suggest that obesity increases apoptosis in whole AT, likely due to adipocyte cell death resulting from local hypoxia and/or decreased vasculature [36, 38, 41, 42] . Consistent with these findings, HFD feeding increased expression of the pro-apoptotic proteins Bax (p < 0.001) and Bak (p < 0.01) in AT, although it did not affect caspase-3 cleavage ( Figure S2 ). These data support the concept that obesity increases apoptosis in whole AT. However, the metabolic regulation of apoptosis in ATMs during obesity has not been explored. To determine if obesity alters apoptotic signaling in AT immune cells, protein was isolated from the SVF of AT and assessed for apoptotic markers by Western blot analysis. Remarkably, HFD-fed mice demonstrated a 50% decrease in SVF cleaved caspase-3 protein levels compared to LFD-fed controls, suggesting decreased AT immune cell apoptosis during obesity (p < 0.001, Figure 1A ). Although the SVF is a macrophage-enriched cell preparation, other leukocytes and preadipocytes are also contained within this fraction. To determine if obesity decreases apoptosis specifically in macrophages, AT was stained for F4/80, DAPI, and the apoptosis marker TUNEL. In both LFDand HFD-fed mice, around 10e20% of cells with TUNEL þ nuclei were F4/80 negative, and about 80e90% of the apoptotic cells were macrophages, indicating that macrophages are the major cell type undergoing apoptosis in the AT (data not shown). Interestingly, quantification of confocal images demonstrated that w17% of all macrophages in lean AT were TUNEL þ (apoptotic), while only w4% of macrophages in obese AT were TUNEL þ (p < 0.0001, Figure 1BeC ).
This decrease in apoptotic ATMs was also detected when quantified as number per high power field (p < 0.01; Figure 1D ). As expected, because almost all ATMs in lean AT are interstitially spaced, the apoptotic ATMs in lean mice were also interstitially spaced ( Figure 1E ). Even in obese AT, about 50% of the apoptotic ATMs were localized to interstitial spaces. To determine whether the degree of obesity altered ATM apoptosis, we analyzed mice fed HFD for an extended time period of 16 weeks. These mice displayed an even further 75% decrease in cleaved caspase-3 levels in the SVF (p < 0.0001), and a decrease in TUNEL positive ATMs (p < 0.05) compared to mice on LFD for 16 weeks (Figure 2Ae  B) . Interestingly, when the data from mice fed LFD or HFD for either 9 or 16 weeks were combined ( Figure 2C ), a clear negative correlation between body weight and the level of cleaved caspase-3 in SVF was found (r 2 ¼ 0.48, p < 0.0001). Furthermore, even when only HFD-fed mice (9 and 16 weeks HFD) were included in the analysis ( Figure 2D ), SVF cleaved caspase-3 levels remained negatively correlated with body weight (r 2 ¼ 0.24, p < 0.05), suggesting that obesity drives the decrease in AT immune cell apoptosis.
Genetic obesity decreases ATM apoptosis
To determine if the decreased macrophage apoptosis observed in obese AT was the result of dietary intervention or due to overt obesity, we analyzed a mouse model of genetic obesity. Leptin-deficient ob/ob mice and lean littermate controls were maintained on a chow diet until 9e10 weeks of age, at which point they were of similar weight to the mice fed HFD for 9 weeks. As expected, ob/ob mice were obese compared to lean littermate control mice (p < 0.0001; Figure S3A ) and were hyperglycemic (p < 0.001; Figure S3B ). Further, the increase in body weight in the ob/ob mice was due to elevated fat mass, rather than lean mass (p < 0.0001; Figure S3CeD ). Caspase-3 cleavage was significantly decreased in the SVF of ob/ob mice compared to lean controls (p < 0.01, Figure 3A) . AT was evaluated by confocal microscopy to determine if genetic obesity decreased apoptosis in macrophages. Quantification of confocal images demonstrated that macrophage apoptosis is significantly decreased in the AT of ob/ob mice compared to lean controls (p < 0.01 and p < 0.05, Figure 3BeD) . Additionally, 50% of apoptotic macrophages were localized to interstitial spaces, rather than crown-like structures ( Figure 3E ). Thus, both diet-induced and genetic obesity result in decreased ATM apoptosis.
3.3. The obesity-related decrease in macrophage apoptosis is ATspecific To determine if obesity modulates apoptosis in a similar manner in other metabolically-relevant tissues, protein was isolated from hepatocytes and an F4/80-enriched non-hepatocyte fraction of the liver of mice fed LFD or HFD for 9 weeks. Markers of apoptosis, including protein levels of cleaved caspase-3, Bax, and Bak, were not modified by HFD feeding in either the hepatocyte fraction ( Figure S4AeC) or the F4/80-enriched fraction of the liver ( Figure S4DeF ). Additionally, obesity did not impact markers of apoptosis in the spleen, an immune cell-enriched organ ( Figure S4GeI) . Therefore, while obesity decreased markers of macrophage apoptosis in AT, apoptosis was not modulated in macrophages of the liver or whole spleen, indicating that this regulation is specific to AT. 3.4. Decreased markers of ATM apoptosis correlate with increased protein levels of total and mitochondrial-localized pro-survival Bcl-2 protein A common intrinsic mechanism to regulate apoptosis is maintenance of the integrity of the mitochondrial outer membrane. Within the Bcl-2 family, Bax and Bak are pro-apoptotic, promote mitochondrial outer membrane permeabilization (MOMP), and activate the caspase cascade. Conversely, Bcl-2 and Bcl-xl are pro-survival and inhibit the pore-forming activities of Bax and Bak (reviewed in [43] ). To determine if obesity increases immune cell survival through the modulation of Bcl-2 family members, RNA and protein were isolated from the SVF of mice placed on LFD or HFD for 9 weeks. SVF from obese mice displayed increased gene expression of Bax (p < 0.01, Figure 4A) , with no change in the gene expression of other Bcl-2 family members (Bak1, Bcl2, Bcl2I1 (gene for Bcl-xl), Figure 4B-D) . At the protein level, there was a significant increase in Bax (p < 0.0001, Figure 4E ) in SVF of obese mice, while Bak protein expression was significantly decreased (p < 0.0001, Figure 4F ). Interestingly, levels of the pro-survival protein, Bcl-2, were 2.5-fold elevated in SVF of obese compared to lean mice (p < 0.001, Figure 4G ), while no change was seen in Bcl-xl ( Figure 4H ). These data demonstrate that obesity modifies the protein expression of both pro-apoptotic and prosurvival members of the Bcl-2 family in AT immune cells. The total protein level of Bcl-2 family members is not the sole determinant of cell survival versus apoptosis. Instead, their localization to the outer membrane of the mitochondria is essential (reviewed in [30, 43, 44] ). To determine if the subcellular localization of the major Bcl-2 family members, Bax (pro-apoptotic) and Bcl-2 (pro-survival) was altered specifically in ATMs during obesity, adherence selected macrophages from the SVF of LFD and HFD mice were assessed. To quantitatively analyze the mitochondrial localization of Bax and Bcl-2, we used automated high-throughput fluorescent microscopy and analysis software described in the Methods section. We first used the Image Xpress imaging technique to quantitatively determine the amounts of Bax and Bcl-2 protein localized to the mitochondria (based upon co-localization with Cox IV) in ATMs of lean and obese mice. Although total protein levels of Bax were increased in the SVF during obesity ( Figure 4E) , there was no difference in the localization of Bax to the mitochondria in ATMs of LFD versus HFD fed mice ( Figure 5A ). Interestingly, obesity increased the localization of the pro-survival protein, Bcl-2, to the mitochondria of ATMs (p < 0.05, Figure 5B ). To confirm the changes quantified using Image Xpress software, we also used confocal microscopy to visualize the differences in Bax and Bcl-2 mitochondrial localization (based upon co-localization with MitoTracker Deep Red). In support of our Image Xpress quantification data, the confocal images show that there was no apparent difference in Bax protein co-localization with mitochondria in ATMs from lean versus obese mice ( Figure 5C ). However, Bcl-2 protein was highly colocalized to the mitochondria in ATMs of obese compared to lean mice ( Figure 5D ). Together, the data from Figures 4 and 5 suggest that the increased protein levels and mitochondrial localization of Bcl-2 may allow for increased ATM survival observed during obesity.
3.5. NF-kB activity and its pro-survival gene targets are activated in ATMs of obese mice A key mediator of inflammatory gene expression in macrophages is the transcription factor NF-kB. A previous study has demonstrated greater localization of the p65 subunit of NF-kB to the nucleus of ATMs during obesity [33] . In addition to its control of inflammatory gene expression, NF-kB also promotes cell survival through the transcription of prosurvival Bcl-2 family members [45] . Therefore, we hypothesized that increased NF-kB activity during obesity might promote ATM survival. To confirm NF-kB activation in ATMs from obese mice, the protein Figure 4 : Pro-apoptotic/survival Bcl-2 family members are differentially regulated in the SVF of AT of obese mice. Male C57Bl/6 mice were placed on LFD or HFD for 9 weeks. AeD) SVF was collected and Bcl-2 family pro-apoptotic/survival gene expression was analyzed using real-time RT-PCR: A) Bax, B) Bak1, C) Bcl2, and D) Bcl2l1. EeH) SVF was collected and Bcl-2 family pro-apoptotic/survival protein levels were analyzed using Western blot: E) Bax, F) Bak, G) Bcl-2, and H) Bcl-xl. mRNA levels were normalized to housekeeping gene Rplpo and levels of specific proteins were normalized to b-actin. Data are presented as mean AE SEM, A-D) n ¼ 7/group, EeF) n ¼ 17e19/group, G-H), n ¼ 4e8/group. **p < 0.01, ***p < 0.001, ****p < 0.0001 between groups.
Original article level of the phosphorylated (active) form of the p65 subunit (P-p65) was assessed in the SVF of mice fed LFD or HFD for 9 weeks. P-p65 was significantly increased in the SVF of HFD mice (p < 0.05, Figure 6A ). Furthermore, nuclear localization of p65 was increased in adherence-selected ATMs from obese compared to lean mice by confocal microscopy ( Figure 6B ) and as quantified by Image Xpress Automated HTS Fluorescent Microscopy (p < 0.001; HFD: 1.3 Â 10 6 AE 1.1 Â 10 5 RLU, and LFD: 0.82 Â 10 6 AE 0.44 Â 10 5 RLU, N ¼ 7). Next, we determined the transcriptional activity of NF-kB in adherence-selected ATMs through the use of NF-kB promoter-driven GFP-Luciferase reporter mice (NGL) described previously [34] . Luciferase activity was significantly increased in ATMs of obese mice, indicating elevated NF-kB transcriptional activity (p < 0.05, Figure 6C ). To determine if increased NF-kB transcriptional activity resulted in elevated expression of NF-kB target genes, expression of the inflammatory cytokine, Tnf, and the pro-survival inhibitors of apoptosis, Xiap and Birc3 (gene name for cIAP), was analyzed specifically in adherence-selected ATMs. As expected, Tnf gene expression was significantly increased in ATMs of HFD-fed mice (p < 0.05, Figure 6D ). Interestingly, there was a trend towards an increase in Xiap expression (p ¼ 0.07) and a significant increase in Birc3 expression (p < 0.05) in ATMs from obese mice ( Figure 6D ). These data demonstrate that increased NF-kB transcriptional activity in ATMs promotes the expression of pro-survival genes. Therefore, it is likely that NF-kB contributes to the increased ATM survival observed during obesity.
Metabolic activation-induced survival of ATMs is blunted by inhibition of NF-kB
In previous studies, it has been shown that exposing bone marrowderived macrophages (BMDMs) to high levels of glucose, insulin and palmitate ("metabolic activation") induces a gene expression profile/ phenotype similar to ATMs of obese mice [39] . We sought to determine if exposure of ATMs to this metabolic activation cocktail (MetaC; 30 mM glucose, 10 nM insulin and 0.4 mM palmitic acid) would result in increased NF-kB activation, augmented expression of its prosurvival target genes, and increased cell viability. We felt it was important to perform these studies, specifically in ATMs, as recent data from the Immunological Genome Project emphasize the fact that macrophages derived from different tissue/cellular sources have vastly different transcriptomes [46] . Therefore, in order to obtain a sufficient number of ATMs for these studies, mice were fed HFD for 3 weeks prior to the isolation of adherence-selected ATMs. This short-term HFD feeding did not significantly increase NF-kB activity, as measured by NGL luciferase activity (Supplemental Figure 5A) . Subsequently, the adherence-selected ATMs were exposed to control or MetaC conditions for 30 min and p65 nuclear localization was visualized using confocal microscopy. In support of our ex vivo results, exposure of ATMs to the obesogenic milieu (MetaC) increased nuclear localization of the p65 subunit of NF-kB ( Figure 7A ). Furthermore, 2 h of metabolic activation of ATMs recapitulated the reported [39] gene expression profile of ATMs in vivo (Tnf; p < 0.05, Abca1; p ¼ 0.09, Plin2; p ¼ 0.06). Of note, metabolic activation in ATMs also significantly increased the levels of NF-kB pro-survival target genes Bcl2 (p < 0.05) and Xiap (p < 0.05), while modestly increasing Birc3 ( Figure 7B ). These findings demonstrate that metabolic activation of ATMs increases NF-kB transcriptional activity and pro-survival gene expression, similar to what we observed in vivo during obesity. Interestingly, exposure of ATMs to MetaC alone significantly increased cell viability at 6 and 8 h post-treatment (p < 0.01 and p < 0.05, respectively; Figure 7C ), supporting our earlier data demonstrating that the in vivo obese milieu promotes ATM survival. We next used this model system to determine the role of NF-kB activation in this increased ATM survival under obesogenic conditions by treating ATMs with MetaC in the presence or absence of the highly selective NF-kB inhibitor, BMS-345541 [47] . Importantly, MetaC increased and BMS inhibited NGL luciferase activity in metabolically activated ATMs from chow-fed mice, indicating that BMS does, in fact, decrease NF-kB activity (Supplemental Figure 5B) . In support of our hypothesis, inhibition of NF-kB in ATMs reduced the pro-survival effect of MetaC, a finding that trended at 4 and 8 h of treatment and was significant (p < 0.05) at 6 h of treatment. Taken together, these data suggest that NF-kB activation in ATMs in the obese state increases their ability to survive.
DISCUSSION
During obesity, pro-inflammatory macrophages accumulate in metabolic tissues, including AT [1, 2] , and contribute to obesity-associated IR both locally and systemically [11] . Since this novel discovery, much effort has been focused on determining mechanisms by which macrophages accumulate in obese AT. The overwhelming majority of these studies have sought to identify recruitment-dependent mechanisms for the increase in ATM number during obesity. Much work has focused around the central hypothesis that obesity increases circulating inflammatory Ly6C hi monocytes that are then recruited to AT via chemoattractants. Thus, recruitment-dependent mechanisms for increased ATMs should be contingent upon increased circulating inflammatory monocytes and chemotaxis of these cells to AT during HFD feeding. Despite the logical nature of this hypothesis, recent findings have called into question whether chemoattractant-mediated monocyte recruitment is the sole mechanism regulating ATM number during obesity. First, single gene deletion of multiple chemokines or chemokine receptors such as Ccl3 [18] , Ccr5 [15] , and Cx3cr1 [17] , does not modulate ATM number during HFD feeding. Even in studies demonstrating that a chemokine or its receptor plays a role in promoting macrophage accumulation in obese AT, ATM number is not normalized to levels observed in lean AT [21e 23, 48] . Second, in Ccr2À/À mice, there is a near absence of circulating Ly6C hi cells [49] , yet there is either no difference in ATM numbers or these differences are noted only after long periods of HFD feeding [13, 21, 48] . Third, MGL1 has been identified as a critical factor regulating the survival and migration of Ly6C hi monocytes, as animals deficient in MGL1 do not mobilize Ly6C hi monocytes from the bone marrow to the blood in response to HFD feeding [24] . However, despite Figure 6 : NF-kB activity and its pro-survival target genes are increased in ATMs of obese mice. Male C57Bl/6 mice were placed on a LFD or a HFD for 9 weeks. A) SVF was collected and phosphorylated p65 (P-p65) was analyzed using Western blot. B) Nuclear localization of the p65 subunit of NF-kB. ATMs were obtained using a 2 h macrophage selection by adhesion assay and stained for nuclear stain DAPI (blue), p65 (red), F4/80 (green). Magnification: 100Â with a 4.5 zoom. C) Transcriptional activity of NF-kB in ATMs using NF-kB-GFP-Luciferase mice. D) Real-time RT-PCR analysis of NF-kB-driven pro-inflammatory and pro-survival target genes in ATMs (Tnf, Xiap, Birc3). Data are presented as mean AE SEM, A) n ¼ 4/group, C) n ¼ 9e10/group, and D) n ¼ 7e8/group. *p < 0.05 between groups. the near absence of circulating pro-inflammatory monocyte populations, deletion of Mgl1 does not normalize ATM number to levels observed in lean AT [24] . This dissociation between the chemoattractant potential of AT, circulating blood monocyte number, and ATM content suggests that an increase in the recruitment of inflammatory Ly6C hi monocytes is not the only mechanism regulating ATM accrual during obesity. Indeed, taken together, these published reports suggest that recruitment-independent mechanisms for macrophage accrual in obese AT should be considered. Potential recruitment-independent mechanisms that could also play a role in the regulation of ATM number during obesity include: increased proliferation of macrophages within AT, decreased egress of macrophages from AT, or increased ATM survival. Recent studies now show that increased proliferation and decreased egress of ATMs can, in fact, contribute to ATM accumulation during obesity [25e27]. We now suggest that macrophage longevity is an additional metabolically regulated process that, when dysregulated during obesity, promotes macrophage survival and accumulation in AT, thus contributing to the diminished function of the tissue. In agreement with this idea, recent studies show that macrophage apoptosis occurs infrequently in obese AT. For example, sophisticated imaging studies in AT explants demonstrate very few apoptotic macrophages in obese AT [50] . Furthermore, these studies showed that macrophages within the CLS of obese AT were stable, showing no shrinkage or cell death, over the 7-day imaging time-course, suggesting that ATMs in obese AT are long-lived [50] . In contrast, another study reported high levels of macrophage apoptosis in the AT of obese pregnant women [51] . However, these studies are difficult to interpret in the context of our results, as pregnancy is an extremely complex physiological state. Beyond this, there have also been hints in the literature that decreasing macrophage survival in AT of obese mice and humans reduces the metabolic abnormalities associated with obesity. Feng et al. showed that activation of ATM apoptosis via treatment with liposomal clodronate decreased AT inflammation and improved systemic glucose tolerance and insulin sensitivity in a mouse model of obesity [52] . Additionally, Kern and colleagues reported that pioglitazone, an insulin sensitizing TZD, increased macrophage apoptosis in human AT, possibly contributing to the reduced ATM number observed after TZD treatment [53, 54] . These findings demonstrate that pharmacological activation of macrophage apoptosis in obese AT reduces ATM content and improves metabolic function. If ATM apoptosis can be manipulated to improve AT function, it is logical that macrophage Figure 7 : Inhibition of NF-kB activity decreases ATM survival in an obesogenic setting. Male C57Bl/6 mice were placed on a HFD for 3 weeks to obtain sufficient numbers of ATMs for ex vivo studies. A) Nuclear translocation of NF-kB. Adhesion-selected ATMs were treated with the metabolic cocktail (MetaC, 30 mM glucose, 10 nM insulin, 0.4 mM of palmitic acid) for 30 min and subsequently stained with DAPI (blue), p65 (red), and F4/80 (green). Magnification: 60Â with a 1.5 zoom. B) Gene expression. ATMs were treated with the MetaC for 2 h and RNA isolated for real-time RT-PCR analysis of expression of lipid metabolism (Abca1 and Plin2) as well as NF-kB-driven pro-inflammatory (Tnf) and prosurvival (Bcl2, Xiap, Birc3) genes. C) Cell viability. ATMs were treated with DMEM (control), MetaC, BMS-34551 (BMS), or MetaC þ BMS for 0e8 h. Cell viability was detected using the Cell-Titer Blue assay as described in the Methods. Data are presented as mean AE SEM, n ¼ 4e5/group. *p < 0.05, **p < 0.01, ***p < 0.001 between groups.
survival may also be regulated in a physiologically relevant manner to control macrophage content of AT. Our studies showed that w17% of ATMs were TUNEL þ in the lean AT. This is quite surprising, given that one might expect efferocytic processes to quickly clear the apoptotic cells. However, this finding is in agreement with published literature. In their work using AT-specific p65 knockout mice (discussed in more detail below), Gao et al. also showed a fair amount of TUNEL staining in wild type lean AT [55] . Furthermore, studies by Cai et al. demonstrated significant macrophage apoptosis (22% of macrophages were TUNEL positive) and turnover (35% turnover rate in 48 h) in interstitial macrophages from the lung tissue of healthy rhesus macaques [56] . In agreement with these findings, tissue macrophages in murine lung were found to have substantial turnover during a 21-day study, and these macrophages were replaced through a self-renewal process [57] . Together, these studies support the idea that significant macrophage apoptosis/turnover occurs in multiple tissues of healthy animals. It should also be noted that about 10e20% of the TUNEL þ were not macrophages.
These cells could be adipocytes, as has been reported [41] ; however, they could also include other immune cells such as neutrophils, T cells, B cells, or eosinophils. Further studies are needed to determine whether apoptosis of other leukocytes takes place in AT and whether this is of relevance to AT homeostasis. In other metabolic settings, control of macrophage death/survival is known to be important for disease progression. For example, in atherosclerotic lesions, macrophage apoptosis and clearance by other efferocytic macrophages protects from early lesion formation [58, 59] . Conversely, decreased macrophage apoptosis or impaired efferocytosis in advance lesions contributes to plaque instability [60] . Of potential relevance to ATMs, Tabas and colleagues have shown that prior engagement of Toll Like Receptor 4, i.e. activation of an acute inflammatory pathway, protects macrophages from subsequent apoptosis in settings of sustained ER stress [61] . This pathway is suggested to prolong cell survival to allow for continued production of inflammatory cytokines and antimicrobial proteins in order to remove the infectious insult. Because chronic activation of ATMs during obesity can activate similar inflammatory pathways, these cells may be "tricked" into survival, with the ultimate result being detrimental rather than protective. In fact, both our in vivo and ex vivo studies support the notion that activation of macrophages increases their survival. These data suggest that modulation of macrophage survival is beneficial in the setting of microbial infection, but that activation of these same pathways may be a significant contributor to the pathological processes occurring during obesity by promoting both the survival and the inflammatory nature of ATMs. Inflammatory activation of macrophages is largely regulated by the transcription factor, NF-kB. Studies by Chiang et al. demonstrated increased nuclear translocation of the p65 subunit of NF-kB in ATMs from obese compared to lean mice [33] , suggesting that ATM inflammation may be driven by NF-kB-dependent mechanisms. Although NF-kB is often appreciated for its pro-inflammatory role, this transcription factor also acts as a potent pro-survival factor. Our data demonstrate that the pro-survival axis of NF-kB is initiated in ATMs during obesity, as indicated by increased p65 nuclear localization, elevated NF-kBedriven luciferase activation, increased Bcl-2 protein levels and mitochondrial localization, and elevated expression of IAP genes. These data demonstrate that obesity-driven NF-kB activity not only promotes an inflammatory phenotype in ATMs in obese AT, but also increases the expression of pro-survival genes/proteins. Further, our ex vivo studies suggest that NF-kB activity is necessary for increase ATM survival under obesogenic conditions.
Our use of the inhibitor BMS-34551 to inhibit NF-kB specifically in ATMs is a novel model that has given great insight in to the contribution of this pathway to ATM survival. BMS-345541 has been previously demonstrated to be highly effective at inhibiting NF-kB transcriptional activity via its specificity to the NF-kB activator, IKK [47] . Importantly, the compound was tested against a panel of 15 other kinases, including c-Jun, STAT3, and MAPK, and failed to inhibit the activity of these inflammatory factors [47] . Furthermore, it has been demonstrated that treatment of NGL bone marrow derived macrophages with BMS-345541 significantly decreased LPS induced NF-kB transcriptional activity [34, 47, 62] . MetaC-mediated upregulation of NF-kB was also inhibited by BMS in our ATMs (Supplemental Figure 5B) . Although this specificity has been shown in other cell types, we cannot rule out that there could be off-target effects on pathways other than NF-kB that control ATM apoptosis. Of note, this could alter the interpretation of our pharmacological data. In light of this, future studies, such as genetic manipulation of NF-kB in ATMs, should be performed to better identify the importance of this transcription factor in regulating ATM survival.
As this manuscript was in preparation, Gao et al. reported their findings regarding inflammation in an AT-specific p65 knockout model (driven by the ap2 promoter, i.e. deletion in adipocytes and likely macrophages) [55] . Surprisingly, absence of p65 resulted in different effects in lean versus obese mice. They demonstrated that absence of the p65 subunit of NF-kB reduced inflammation and ATM content in lean mice e presumably due to the absence of the inflammatory arm of NF-kB signaling in the lean setting. In contrast, absence of p65 in obese mice led to adipocyte apoptosis e indicating the absence of the survival arm of NF-kB in the obese setting. In addition, ATM numbers and overall AT inflammation were increased during obesity e most likely as a consequence of the adipocyte death. Importantly, the authors also noted that ATM apoptosis was elevated in the p65-null obese mice, a finding they attributed to the absence of p65-mediated pro-survival signaling in the ATMs [55] . These results suggest that adipocyte apoptosis and macrophage apoptosis may have different outcomes in regards to increasing or decreasing macrophage number in AT. The increased ATM content found in this model may be solely due to an immense and overwhelming amount of adipocyte cell death, which likely induced macrophage recruitment to AT. In this case, deletion of p65 in both the adipocytes and macrophages makes it complicated to determine the contribution of each process to the regulation of ATM number. However, these data further support our findings that NF-kB controls ATM apoptosis/survival. Our studies demonstrate that increased markers of ATM survival in the obesogenic environment may be NF-kB-dependent. However, ATM survival may also be regulated by additional mechanisms. Kratz et al. demonstrates that ATMs in obese AT display a "metabolic activation" phenotype [39] . An aspect of this phenotype is the induction of sequestome-1 (p62). These authors suggested that uptake of palmitic acid induces not only NF-kB activation, but also results in impaired autophagy. Interestingly, several studies suggest a role for both autophagic degradation and NF-kB signaling pathways in regulating cell survival [63] . Interestingly, NF-kB activates pro-survival regulators, Bcl-2 and Bcl-xl, which inhibit key players in autophagy, including Beclin 1. The inhibition of autophagosome formation can lead to the accumulation of p62. Together, the above findings suggest that decreased autophagy in ATMs during obesity may be an additional mechanism contributing to increased cell survival. However, much of the literature suggests that the role of autophagy in inhibition or activation of cell survival is context dependent. Therefore, future research is needed to determine the role of autophagy in ATM survival.
An additional mechanism that may be involved in ATM survival is signaling through the nuclear factor E2-related factor-2 (Nrf2) pathway. Nrf2 is a transcription factor that is induced under oxidative stress conditions where it plays a role in inducing the transcription of antioxidant genes to counter the dangerous effects of reactive oxygen species. Like NF-kB, Nrf2 has been demonstrated to promote survival by inducing the transcription of pro-survival proteins Bcl-2 and Bcl-xl [64, 65] . In regards to improving the ATM number and AT inflammatory state, global deficiency of Nrf2 protects against diet-induced obesity [66] . Furthermore, studies demonstrate that myeloid specific deletion of Nrf2 decreases the amount of CLSs in HFD fed mice; however, this deficiency does not protect from HFD-induced AT inflammation and insulin resistance [37] . Future studies are needed to better elucidate the role of Nrf2 in ATM number and AT inflammation during obesity as well as whether Nrf2 and NF-kB pathways intersect in ATMs.
Our data demonstrate that the obese AT micro-environment metabolically activates ATMs in a way that may promote their survival. Furthermore, NF-kB appears to be at the center of controlling this life and death balance. These findings, combined with recent literature demonstrating that increased proliferation and reduced egress of macrophages promote increased ATM content in obese AT, indicate that recruitment-independent mechanisms indeed also modulate ATM number during obesity. A further understanding of the relative contributions of recruitment, proliferation, egress, and survival to the control of ATM number and inflammatory status could pave the way for the development of novel therapeutics for the treatment of metabolic disorders.
